
Single-Cell Transcriptional Profiling Reveals Signatures of
Helper, Effector, and Regulatory MAIT Cells during
Homeostasis and Activation

Charles Kyriakos Vorkas,*,†,1,2 Chirag Krishna,‡,1 Kelin Li,§ Jeffrey Aubé,§
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Mucosal-associated invariant T (MAIT) cells are innate-like lymphocytes that recognize microbial vitamin B metabolites and have
emerging roles in infectious disease, autoimmunity, and cancer. Although MAIT cells are identified by a semi-invariant TCR,
their phenotypic and functional heterogeneity is not well understood. Here we present an integrated single cell transcriptomic
analysis of over 76,000 human MAIT cells during early and prolonged Ag-specific activation with the MR1 ligand 5-OP-RU and
nonspecific TCR stimulation. We show that MAIT cells span a broad range of homeostatic, effector, helper, tissue-infiltrating,
regulatory, and exhausted phenotypes, with distinct gene expression programs associated with CD4+ or CD8+ coexpression.
During early activation, MAIT cells rapidly adopt a cytotoxic phenotype characterized by high expression of GZMB, IFNG and
TNF. In contrast, prolonged stimulation induces heterogeneous states defined by proliferation, cytotoxicity, immune modulation,
and exhaustion. We further demonstrate a FOXP3 expressing MAIT cell subset that phenotypically resembles conventional
regulatory T cells. Moreover, scRNAseq-defined MAIT cell subpopulations were also detected in individuals recently exposed to
Mycobacterium tuberculosis, confirming their presence during human infection. To our knowledge, our study provides the first
comprehensive atlas of human MAIT cells in activation conditions and defines substantial functional heterogeneity, suggesting
complex roles in health and disease. The Journal of Immunology, 2022, 208: 1�15.

Mucosal-associated invariant T (MAIT) cells are a subset
of recirculating innate-like lymphocytes enriched in
human liver, lung, and gut with highly variable abun-

dance in peripheral blood in healthy donors (<1�18% in humans)
(1�3). Most MAIT cells express an evolutionarily conserved TCR
(TRAV1-2 in humans) that can recognize microbially derived, non-
peptide small molecule metabolites of the vitamin B pathway (4, 5)
presented by the oligomorphic MHC class Ib�related molecule,
MR1 (5, 6). In contrast to conventional T cells that exit the thymus
in a “naive” state and require peptide-specific Ag priming to prolif-
erate, most mature MAIT cells enter the circulation as effector cells

and are activated within hours of non-peptide vitamin B metabolite
recognition (7, 8). This innate-like property confers their capacity
to be among the first responders to bacterial and fungal pathogens
(3, 9�11) as well as to viral infections through TCR-independent
cytokine stimulation (12�14).
Despite a growing body of literature implicating MAIT cells in

both homeostasis and disease (1), their specialized functional states
in humans are poorly characterized relative to conventional T cells.
For example, whereas conventional T cells are broadly divided into
two lineages defined by CD4 or CD8 coreceptor expression and sta-
ble functional phenotypes, whether these same lineages can be
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defined in MAIT cells remains unclear. CD41 MAIT cells are
reported to express increased CD25 and IL-2 along with decreased
cytotoxic markers relative to CD81 MAIT cells (3, 12, 15, 16).
Whereas CD81 and CD4−CD8− [double-negative (DN)] MAIT
cells have similar cytotoxic phenotypes (16), the DN subset is
reported to have depressed function with increased propensity to
activation-induced apoptosis (17). Although prior studies have sug-
gested that MAIT cell functional states may depend on the quality
and duration of activating stimuli (12, 18), the early and late effects
of TCR stimulation on MAIT cell state remain largely unknown.
Although prior studies have described MAIT cell heterogeneity

using flow cytometry or bulk RNA sequencing (9, 17, 19), such
approaches are limited in resolution and likely do not capture the
full extent of MAIT cell diversity in humans. Although some of
these other studies have characterized MAIT cells together with
other innate T cell populations at a modest scale with single-cell
transcriptomics (19�22), a dedicated atlas of both CD41 and CD81

mature MAIT cells under various activation conditions in healthy
human donors remains lacking. Indeed, recent reports of the impor-
tance of MAIT cells in cancer (23) and COVID-19 pathogenesis
(24, 25) necessitate a large-scale single-cell atlas of MAIT cell het-
erogeneity stimulated with their cognate ligands.
In this study, we present a single-cell transcriptomic atlas of

human MAIT cells, comprising >76,000 cells from peripheral blood
under early and prolonged activation with 5-OP-RU or anti-CD3/
CD28 in the presence of IL-2 or IL-2/TGF-b. Our study elucidates
distinct transcriptional programs of CD41 and CD81 MAIT cells
and identifies novel MAIT cell functional clusters that we validate
in human subjects recently exposed to Mycobacterium tuberculosis.
Our results demonstrate broad functional heterogeneity of MAIT
cells and suggest that these innate T cells can participate in complex
immune responses in addition to their role in direct killing of
pathogens.

Materials and Methods
PBMC collection

Healthy donor PBMCs were obtained with written informed consent at Sloan
Kettering Institute, Memorial Sloan-Kettering Cancer Center, Rockefeller
University, or ATCC. De-identified blood samples were processed according
to the protocols approved by the Institutional Review Board of Memorial
Sloan-Kettering Cancer Center and Rockefeller University. As PBMC sam-
ples were de-identified, no demographic or clinical information is available.
Tuberculosis (TB) household contacts and unexposed community controls
were recruited with written informed consent at the GHESKIO centers, Port-
au-Prince, Haiti (U01AI069421). Demographic and clinical variables of this
cohort were previously described (3). Sample sizes for each experiment are
described in the main text and figure legends. PBMCs were isolated from
peripheral blood using Ficoll-Prep (GE Healthcare) or cell preservation tubes
(Becton Dickinson) according to the manufacturer’s instructions and cryopre-
served using 90% FBS (Life Technologies)/10% DMSO (Sigma-Aldrich)
and stored in liquid N2 prior to thawing for in vitro assays.

PBMC culture

PBMCs were cultured for 15 h or 7 d in RPMI 1640 (Life Technologies)
supplemented with 10% (v/v) heat-inactivated FBS, penicillin/streptomycin
(100 U/ml), L-glutamine (2 mM), sodium pyruvate (1 mM), nonessential
amino acids (0.1 mM), HEPES buffer (10 mM), and 2-ME (50 mM) (from
Life Technologies or Sigma-Aldrich) at 37◦C, 5% CO2 in 96-well plates in
the presence of IL-2 [Life Technologies (100 IU/ml) or Roche (1 ng/ml)].
Additional conditions included 1 ng/ml TGF-b (Life Technologies). Two
micromolar 5-amino-6-D-ribitylaminouracil (5-A-RU) was added directly to
50 mM methylglyoxal to form 5-OP-RU on day 1 for in vitro stimulation
assays. 5-A-RU was synthesized as previously described (2), resuspended in
200 mM aliquots, cryopreserved, and thawed as needed. Anti-CD3/CD28
beads (Life Technologies, 11161D) were incubated with PBMCs at a 1:2
bead/cell ratio for single-cell RNA sequencing (scRNA-seq) and flow cyto-
metric validation assays. Refer to the Table I for a complete list of cell cul-
ture reagents.

Flow cytometry

Cells were washed once in FACS buffer then incubated with Fc receptor
binder inhibitor polyclonal Abs (eBioscience, 14-9161-73) for 15 min at
room temperature prior to staining. Extracellular staining was performed
at room temperature for 15 min in 50 ml of FACS buffer (eBioscience,
00-4222-26), whereas intracellular staining was performed after 2 h of
incubation in brefeldin A at 37◦C followed by 45 min of incubation in
50 ml of permeabilization/fixation buffer (eBioscience; Foxp3/transcrip-
tion factor staining buffer kit, 00-5523-00) followed by incubation for 1 h in
50 ml permeabilization buffer at 4◦C. Refer to Table I for a complete list of
Abs and flow cytometry reagents.

Cell barcoding and scRNA-seq library preparation

The FACS-sorted live-cell suspensions were encapsulated in microfluidic
droplets using a Chromium instrument (10× Genomics) and reagents pro-
vided in a Single Cell 39 Reagent kit (v3). The barcoded cDNA libraries
were prepared according to the manual (CG00183 rev. B). The viability of
cells [stained with 0.2% (w/v) trypan blue] prior to loading onto the Chro-
mium instrument was 80�98%. Each sample was encapsulated at a final
dilution of ∼100 cells/ml. Following the reverse transcription step, the emul-
sion droplets were broken and barcoded cDNA was purified with Dynabeads
and amplified by 12 cycles of PCR: 98◦C for 180 s, 12 times (98◦C for
15 s, 67◦C for 20 s, 72◦C for 60 s), and 72◦C for 60 s. The 50 ng of PCR-
amplified barcoded cDNA was fragmented with the reagents provided in the
kit, purified with SPRI beads, and resulting DNA library was ligated to the
sequencing adapter followed by indexing PCR: 98◦C for 45 s, 14 times
(98◦C for 20 s, 54◦C for 30 s, 72◦C for 20 s), and 72◦C for 60 s. The final
DNA library was double-size purified (0.6�0.8×) with SPRI beads and
sequenced on the Illumina Nova-Seq platform (R1, 26 cycles; i7, 8 cycles; R2,
70 or more cycles) at a depth of 220 million reads per sample. BAM files and
raw and normalized counts for all single-cell RNA sequencing data presented in
this article have been submitted to Gene Expression Omnibus (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE182239) under accession number
GSE182239.

Quantification and statistical analysis

Flow-assisted cell sorting and flow cytometric analysis. The flow cytomet-
ric gating strategy to identify MAIT cells using MR1-5-OP-RU tetramers
generated by the National Institutes of Health tetramer core facility (2, 26) is
summarized in Supplemental Fig. 1. The percentage of MAIT cells of total
CD31 cells and the absolute number of cells sorted per condition are pre-
sented in Supplemental Table I. Stained cells were sorted on a BD FACSA-
ria sorter or analyzed on a BD LSRFortessa analyzer. Flow cytometry plots
and analysis were performed using FCS Express version 7 (De Novo Soft-
ware, Pasadena, CA). Graphs and statistical analysis of flow cytometry data
were generated using Prism version 11 software (GraphPad Software, San
Diego, CA). Absolute numbers were analyzed for experiments when the ini-
tial cell number per well was identical for each donor (200,000 PBMCs/
well). Otherwise, the relative frequencies (%) are reported. Paired t tests,
unpaired t tests, and Mann�Whitney tests were used to determine statistical
significance between incubation conditions. Level of significance was p <
0.05. Adjusted p values for multiple t test comparisons were calculated by
the Holm�Sidak method.

scRNA-seq analysis. Preprocessing of scRNA-seq fastq files was conducted
using the seqc pipeline as previously described (27). Following count matrix
generation, cells with >20% of transcripts derived from mitochondrial genes
were considered apoptotic and were thus excluded, consistent with prior
work (27). Following this step, all mitochondrial genes were filtered out of
the count matrix. Ribosomal genes and the noncoding RNAs NEAT1 and
MALAT1 were excluded due to prior reports of strong influence on down-
stream clustering. Genes with a mean raw count <3.0 were removed from
the analysis, and we restricted to KLRB11 cells, which are a marker of
MAIT cell lineage, and defined our FACS-sorting strategy for additional
quality control, resulting in a final count matrix of 76,945 cells and 12,499
genes for downstream analysis. We used Seurat v2.3.4 to perform standard
library size and log normalization. The mean library size was 6680 tran-
scripts per cell.

To examine potential batch effects in the data (28), we computed
the prevalence of each cluster out of all cells in each sample,
followed by a centered log-ratio transformation for compositional
data and principal-component analysis. This analysis demonstrated
that samples clustered by time point, not batch (i.e., donor)
(Supplemental Fig. 1E). Furthermore, pairwise Euclidean distances
between samples from day 1 and day 7 were higher than pairwise distances
within each time point (Supplemental Fig. 1F). When attempting batch cor-
rection, we detected no differences between cluster phenotypes at day 1
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and day 7, a result inconsistent with prior studies showing differences
between MAIT cells in response to stimulation at early and late time
points. We further found that “overcorrection” of the data introduced

spurious batch effects, for example, clustering of donor rather than time
point. Therefore, we proceeded to analyze the data without batch
correction.

Table I. Reagents and resources

Reagent or Resource Source Identifier

Abs
FITC granzyme B (clone GB11) BioLegend Cat#515403; RRID:AB_2114575
BUV395 Ki67 (clone B56) BD Cat#564071; RRID:AB_393778
PE-Cy7 FOXP3 (clone PHC101) eBioscience Cat#25-4776-42; RRID:AB_10804638
PE IFN-g (clone B27) BioLegend Cat#506507; RRID:AB_315440
BV785 IFN-g (clone 4S.BS3) BioLegend Cat#502542; RRID:AB_2563882
BV605 TNF-a (clone Mab11) BioLegend Cat#502936; RRID:AB_2563884
BV711 CD25 (clone BC96) BioLegend Cat#302636; RRID:AB_2562910
PerCP-Cy5.5 OX40 (clone Ber-ACT35) BioLegend Cat#350010; RRID:AB_10719224
Allophycocyanin CD161 (clone DX12) BD Cat#550968; RRID:AB_398482
BV650 (clone DX12) BD Cat#563864; RRID:AB_2738456
Alexa Fluor 700 (clone UCHT1) BD Cat#557943; RRID:AB_396952
Allophycocyanin-Cy7 CD8 (clone SK1) BD Cat#560179; RRID:AB_1645481
BUV737 CD8 (clone SK1) BD Cat#564269; RRID:AB_2870085
PerCP-eFluor 710 CD4 (clone SK3) eBioscience Cat#46-0047-42; RRID:AB_1834401
BUV496 CD4 (clone SK3) BD Cat#564651; RRID:AB_2744422
eFluor 660 EOMES (clone WD1928) eBioscience Cat#50-4877-42; RRID:AB_2574229
PE-Cy5 CTLA4 (clone BNI3) BD Cat#555854; RRID:AB 396177
Pacific Blue granzyme A (clone CB9) BioLegend Cat#507207; RRID:AB_439755
PerCp-Cy5.5 granzyme K (clone GM26E7) BioLegend Cat#370514; RRID:AB_2632852
BUV395 IL-7R (clone HIL-7R-M21) BD Cat#742547; RRID:AB_2740857
BV421 CD69 (clone FN50) BioLegend Cat#310930; RRID:AB_2561909
PerCP-eFluor CD69 (clone FN50) BD Cat#46-0699-42; RRID:AB_2573694
PerCP-eFluor ICOS (clone ISA-3) eBioscience Cat#46-9948-42; RRID:AB_10854730
BV510 FAS (clone DX2) BioLegend Cat#305640; RRID:AB_2629738
BV421 LAG3 (clone 11C3C65) BioLegend Cat#369314; RRID:AB_2629797
BV650 PD-1 (clone EH12.2H7) BioLegend Cat#329950; RRID:AB_2566362
BV510 CCR7 (clone 3D12) BD Cat#563449; RRID:AB_2738212
Fc receptor binding inhibitor polyclonal Ab eBioscience Cat#14-9161-73; RRID:AB_468582
Purified anti-human MR1 (clone 26.5) BioLegend Cat#361102; RRID:AB_2562969

Chemicals, peptides, and recombinant proteins
5-amino-6-D-ribitylaminouracil (5-A-RU) Aubé laboratory, UNC https://pharmacy.unc.edu/directory/jaube/
Methylglyoxal Sigma-Aldrich Cat#M0252-25ML
Recombinant human IL-2 Life Technologies Cat#PHC0021
Recombinant human IL-2 Roche Cat#HIL2-RO
Recombinant human TGF-b1 Life Technologies Cat#PHG9204
Penicillin/streptomycin Life Technologies Cat#15-140-122
RPMI 1640 Life Technologies Cat#21870092
L-Glutamine Life Technologies Cat#25030149
FBS Life Technologies Cat#26140079
RPMI 1640 Life Technologies Cat#21870092
HEPES Life Technologies Cat#15630080
Sodium pyruvate Life Technologies Cat#11360070
MEM nonessential amino acids Life Technologies Cat#11140050
Flow cytometry staining buffer eBioscience Cat#00-4222-26
Foxp3/transcription factor staining buffer set eBioscience Cat#00-5523-00
2-ME Sigma-Aldrich Cat#M6250-250ML

Critical commercial assays
FITC annexin V apoptosis detection kit Invitrogen Cat#88-8005-72
PerCP-eFluor 710 annexin V apoptosis
detection kit

Invitrogen Cat#88-8008-72

Dynabeads human T-activator CD3/CD28 Life Technologies Cat#11161D
Biological samples
Healthy human PBMCs Memorial Sloan-Kettering Cancer Center,

Rockefeller University, ATCC
N/A

Healthy human TB contact/control PBMCs GHESKIO Centers N/A
Deposited data
Raw and analyzed data This paper GEO accession: GSE182239

Software and algorithms
Cell Ranger v3.0.2 https://github.com/10XGenomics/cellranger
Seurat v2.3.4 https://satijalab.org/seurat/articles/install.html
R v3.6.1 https://www.r-project.org/
FCS express v7 De Novo Software https://denovosoftware.com/
Prism v11 GraphPad Software https://www.graphpad.com/scientific-software/

prism/
Other
PE or BV421 MR1-5OPRU/6FP tetramers NIH Tetramer Core Facility https://tetramer.yerkes.emory.edu/reagents/mr1

BD, BD Biosciences; Cat#, catalog number; N/A, not applicable.
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Differential expression analyses were conducted using the FindMarkers()
function in Seurat using a Wilcoxon test. Specifically, we compared each
cluster to all other clusters (one versus all), and genes were considered signa-
ture genes for a cluster when the log fold change was >0 and the false dis-
covery rate (FDR)�adjusted p was #0.05.

Signature enrichment analyses. Signatures for conventional immune cells
were derived from Bindea et al. (29). Signatures were also manually curated
from the Kyoto Encyclopedia of Genes and Genomes and Reactome data-
bases. For analyses in Supplemental Fig. 2, significantly differentially
expressed genes for each cluster were used as input to the fgsea() package in
Bioconductor. Associations were considered significant at a FDR-adjusted p
of #0.05.

Results
CD4 or CD8 expression on MAIT cells is associated with distinct
transcriptional states

To simulate early and prolonged MAIT cell activation under Ag-
specific and nonspecific TCR stimulation, we employed an in vitro
activation assay using human PBMCs incubated with MR1 ligand
(5-OP-RU) or anti-CD3/CD28 beads for 15 h (day 1; early) or 7 d
(day 7; prolonged) compared with unstimulated control cells. As
MR1-expressing cells such as B cells and monocytes are abundant
within PBMCs, they can directly present 5-OP-RU to MAIT cells
(2, 30, 31). A subset of conditions at day 7 also included TGF-b to
further assess potential regulatory phenotypes (32, 33). Cells were
harvested at each time point for flow cytometric assays and FACS
using MR1 tetramers (Fig. 1A, Supplemental Fig. 1A�C,
Supplemental Table I). To define the transcriptional landscape of
MAIT cell states after early and prolonged activation, we performed
droplet microfluidics scRNA-seq of these sorted MAIT cells from
the peripheral blood of three donors in the activation conditions
defined above. In total, 76,945 MAIT cells passed quality control
and were used for downstream analysis (Supplemental Table I).
Although prior studies have demonstrated that MAIT cells can

express CD4 or CD8 coreceptors (3, 15, 16), it is unclear whether
these markers define functionally distinct MAIT cell populations. To
address this question, we sequenced all MAIT cells per condition by
sorting total CD31MR1-5-OP-RU tetramer1CD16111 populations
(Supplemental Fig. 1A�C) and included incubation conditions
favoring MAIT cell expansion in vitro (Supplemental Fig. 1B), so
as to enrich for rarer MAIT cell subsets (e.g., CD41 subset). Repre-
sentative staining of CD41/CD81 coexpressing MAIT cell subsets
are included in Supplemental Fig. 1D.
To test the hypothesis that CD41 and CD81 MAIT cells are

composed of distinct transcriptional lineages, we first performed a
differential expression analysis of our single-cell data set to compare
CD41CD8− and CD4−CD81 MAIT cells at day 1 (Fig. 1B, 1C) or
day 7 (Fig. 1D, 1E) in the absence of TCR stimulation (Supplemen-
tal Data Set 1). At day 1 (Fig. 1C) CD41 MAIT cells highly
express genes associated with conventional naive and central mem-
ory T cells, including LEF1, SELL, and CCR7, but also markers of
activation and costimulation such as CTLA4, IL2RA, TNFRSF4, and
TNFRSF18 (Fig. 1B). In contrast, CD81 MAIT cells express
markers of cytotoxic activity such as NKG7, KLRD1, EOMES,
GNLY, and GZMB as well as the transcription factor RORA. We
confirmed the differential expression of CD25, OX40, GZMB, and
EOMES at the protein level within CD41, CD81, DN, and
CD41CD81 [double-positive (DP)] MAIT cell subsets using flow
cytometry (Fig. 1C). At day 7, CD41 MAIT cells upregulated
CTLA4, TNFRSF4, SELL, IL2RA, and CCR7, whereas CD81 MAIT
cells upregulated NKG7, GZMA, GZMK, PRF1, and SLAMF7 as
well as several genes involved in type 1 IFN signaling (IFI44L,
IFITM3, IFI6, IFITM1, and ISG15) (Fig. 1D). We also confirmed the
differential expression of OX40, CTLA4, GZMA, and GZMK in

each subset at the protein level by flow cytometry (Fig. 1E). Our
analysis demonstrates that CD41 MAIT cells are associated with
expression of costimulatory receptors, IL-2 signaling, and memory
markers, whereas CD81 MAIT cells are defined by granzyme-medi-
ated cytotoxicity and type 1 IFN signaling. These results suggest that
CD4 and CD8 expression on MAIT cells may define distinct func-
tional subpopulations.

Single-cell transcriptional analysis defines heterogeneous MAIT cell
activation states

To fully characterize the phenotypic states of MR1-5-OP-RU tet-
ramer1CD16111 cells, we performed dimensionality reduction by
principal-component analysis followed by Louvain clustering on
cells from all donors, time points, and stimuli (Fig. 2A, Supplemen-
tal Data Set 2). Integration of all samples across all time points
revealed that clusters were broadly partitioned by time point rather
than donor (Supplemental Fig. 1E), consistent with earlier studies
of both conventional T cells and MAIT cells demonstrating tran-
scriptional changes over time in response to stimulation (1, 14, 18,
34�38). Accordingly, distances between samples within a time
point were far lower than distances between samples from different
time points, lending confidence to our integration approach
(Supplemental Fig. 1F). In addition, samples from each donor were
largely overlapping, with more heterogeneity observed by stimulus
(Supplemental Fig. 1G) or time point (Supplemental Fig. 1H, 1I).
Visualization with uniform manifold approximation and projection
(UMAP) together with differential expression analysis displayed 12
clusters that could be distinguished by homeostatic, cytotoxic, Th1
helper�associated cytokine release, proliferating, tissue-infiltrating,
immune regulatory, and exhausted states (Fig. 2B, 2C, Supplemen-
tal Data Set 2). Clusters (C)1�C3 were enriched at day 1 (early
activation; Fig. 2D, Supplemental Data Set 2). C1 had high expres-
sion of IFNG, GZMB, TNF, TBX21, and notably the transcription
factor FOXP3. Because this cluster expressed genes associated
with granzymes and Th1 helper�associated cytokines, it was
termed “MAIT1 cytotoxic effector,” consistent with a similar cluster
detected in Koay et al. (21). C2 demonstrated increased CD69 and
pronounced expression of heat shock proteins, NR4A1, and the AP-1
subunits JUN and FOS and was named “early activated.” C3
expressed effector/central memory markers CCR7 and C62L, markers
of MAIT cell intrathymic development CD4 and LEF1 (21), as well
as RUNX3. This cluster also upregulated type 1 IFN signaling genes,
e.g., IFIT3 and ISG15. Thus, C3 was named “ISG1 memory” [after
IFN-stimulated genes [ISGs]). Collectively, these clusters define the
landscape of MAIT cells during homeostasis and early activation.
The rapid induction of cytotoxic effector programs at this time point
suggests that MAIT cells may be poised to respond earlier than con-
ventional T cells.
In contrast, C4�C12 were enriched with prolonged activation and

demonstrated marked phenotypic heterogeneity (Fig. 2E, Supple-
mental Data Set 2). C4 and C5 (“homeostatic effectors”) displayed
similar expression patterns, with high levels of IL7R, GZMM,
GZMK, KLRG1, and IFI44L and decreased expression of CD69 and
CD25. C4 was distinguished from C5 by expression of vascular
endothelial growth factors VEGFA/B and was named “homeostatic
effector VEGF.” C6 (degranulating effector”) showed high expres-
sion of LAMP1, cytokines TNF and TNFSF13B (B cell activating
factor), IFNGR1, as well as the homing molecule CXCR3. C7
(“MR11 MAIT17”) expressed GZMA, ENTPD1, RORA (21), as
well as MR1 itself, suggesting that this population may interact with
other MAIT cells. C8 (“tissue-infiltrating-like”) highly expressed
ITGA1 and ITGAE and was only present in activation conditions
including TGF-b. C9 was termed “innate-like” given its high
expression of HOPX, KLRB1, and NCR3 together with GZMA and
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FIGURE 1. MAIT cell CD4 or CD8 expression levels are associated with distinct transcriptional signatures. (A) Experimental schematic of the MAIT cell
in vitro activation assay used for single-cell RNA sequencing (scRNA-seq) and flow cytometric analyses. A total of 30 healthy donor PBMCs were assayed
by flow cytometry after 15 h (day 1; early activation) or 7 d (day 7; prolonged activation) of incubation under resting, 5-OP-RU, or anti-CD3/CD28 condi-
tions. A subset of three of these donors underwent FACS for scRNA-seq under the same conditions. All conditions included IL-2 and a subset of day 7 condi-
tions also included TGF-b. (B) Differentially expressed genes in CD81 [1 log fold change (FC)] or CD41 MAIT cells (− log FC) after 15 h of incubation
in the resting condition. The y-axis shows log FDR-adjusted p value with a significance level of FDR-adjusted p < 0.05. (C) Mean % ± SEM of CD25,
OX40, GZMB, and EOMES staining in CD41, CD81, DN, or DP MAIT cell subsets measured by flow cytometry in the same (Figure legend continues)
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GZMK. C10�C12 were defined by a gradient of activation/exhaus-
tion marker expression including CTLA4, PDCD1, and LAG3, with
C12 (“late activated/exhausted”) resembling a terminally exhausted
population. C11 (“proliferating”) demonstrated a strong mitotic phe-
notype. C10 (“cytotoxic/regulatory”) upregulated GZMA, GNLY,
and IL26 as well as immune-modulating genes TGFB and LAG3.
Taken together, these analyses define a highly diverse MAIT cell
transcriptional landscape shaped by prolonged activation, with
important parallels with conventional CD41 and CD81 T cells.
We next asked to what extent previously published markers asso-

ciated with mouse and human MAIT cells identified in key prior
studies (39�41) are represented within the heterogeneous collection
of MAIT clusters we present in the current study. We thus analyzed
a wide array of transcription factors, cytokines/chemokines and their
receptors, effector molecules, NK receptors, and other markers pre-
viously shown to be expressed on MAIT cells, and plotted them on
top of our clusters (Supplemental Fig. 2A). We detected expression
of key transcription factors IKZF2, RORC, and EOMES as well as
the chemokines CCR2, CCR5, and CXCR6 in clusters also express-
ing CD8. In contrast, CD41 clusters demonstrated expression of
IL2RA, CCR7, and SELL expression, consistent with our analysis
directly comparing CD41 with CD81 MAIT cells (Fig. 1B).
We further asked whether markers typically associated with con-

ventional CD41 and CD81 T cell subpopulations are expressed in
MAIT cells (Supplemental Fig. 2B). We therefore manually curated
markers that define key conventional T cell lineages that were not
already represented in the heatmap in Supplemental Fig. 2A. This
analysis revealed that FOXP3 was strongly expressed in C1, which
also differentially expressed CD4. Moreover, we observed expres-
sion of key transcription factors that define the ontogeny and activa-
tion of conventional T cell lineages, for example, STAT1, RUNX3,
PRDM1 (BLIMP1), and GATA3. We also found differential expres-
sion of activation/exhaustion markers, for example, HAVCR2 (TIM3),
CTLA4, and PD1, in clusters where CD8 was differentially expressed.
Consistent with this idea, we performed an additional pathway analysis
using signatures of immune populations derived in Bindea et al. (29).
This analysis revealed enrichment of NK and CD41/CD81 T cell sig-
natures within our clusters, including differential enrichment of Th1
helper, Th2, central memory, and effector memory phenotypes
(Supplemental Fig. 2C). We also performed pathway analyses using
curated databases from Kyoto Encyclopedia of Genes and
Genomes and Reactome (Supplemental Fig. 2D, 2E) that
revealed enrichment of various antiviral immune response path-
ways (e.g., NOD-like receptor signaling), general effector path-
ways (e.g., TNF signaling), and pathways related to Ag
presentation, for example, MHC class II protein complex bind-
ing. Given the recent association of MAIT cell responses with
severity of SARS-CoV-2 infection, we also plotted markers of
cytotoxicity found in patients with severe disease (25) on our
clusters (Supplemental Fig. 2F). A subset of markers associated
with severe COVID-19 disease were significantly upregulated in
our clusters (Supplemental Fig. 2F). Specifically, GNLY (C3 and
C10�C12), PRDM1 (C1, C2, C7, and C12), and IFITM1 (C3 and
C12) were significantly differentially expressed in day 1 and day 7
clusters, whereas TXNIP (C4�C6) was more highly expressed in day

7 clusters. Taken together, we show that CD41 and CD81 MAIT
cell subsets are transcriptionally distinct and can adopt similar pro-
grams to innate lymphocytes and conventional T cells.

Early MAIT cell activation induces a cytotoxic phenotype marked by
GZMB, IFNG, and TNF

We next asked how the prevalence of these populations varied
across stimuli and donors during early and prolonged activation
(Fig. 2D, 2E, Supplemental Fig. 1H, and 1I). In particular, C1
MAIT1 cytotoxic effector—which expressed high levels of IFNG,
GZMB, and TNF—was enriched by TCR stimulation conditions
with 5-OP-RU or anti-CD3/CD28 compared with cells incubated
with IL-2 alone (Fig. 3A, 3B). To validate these early transcriptional
phenotypes, we performed flow cytometric characterization of
MAIT cells under the same early activation conditions, which con-
firmed the differential expression of common T cell surface activa-
tion markers IL-7R, CD69, and CD25 (Fig. 3C). Unexpectedly,
IL-7R was significantly downregulated by 5-OP-RU, but not
anti-CD3/CD28. CD69 and CD25 were significantly upregulated by
both stimulation conditions, although CD69 was more highly
expressed with anti-CD3/CD28. To confirm that these phenotypes
were not driven by activation-induced apoptosis, we stained with
early activation/apoptosis marker annexin V and late apoptosis
marker, activated caspase-3/7 (Supplemental Fig. 3). Whereas
annexin V staining was increased by 5-OP-RU or anti-CD3/CD28
stimulation (Supplemental Fig. 3A), no difference in caspase stain-
ing was observed between resting and 5-OP-RU conditions
(Supplemental Fig. 3B�E). This suggests that the increased annexin
V staining observed represents early activation rather than apoptosis
(42). In sum, these results demonstrate that MAIT cells rapidly
adopt distinct immune phenotypes after early Ag-specific and non-
specific TCR stimulation.
As GZMB, IFNG, and TNF were significantly upregulated in

early activation C1 and C2, we next asked whether these markers
were coexpressed at the protein level. A representative gating strat-
egy of intracellular costaining for GZMB, IFNG, and TNF is pre-
sented alongside cumulative data from 30 healthy donors (Fig. 3D).
These analyses confirmed the presence of a MAIT cell population
with a combined granzyme and Th1 helper�associated cytokine phe-
notype enriched with early activation, consistent with MAIT1 cyto-
toxic C1 enriched in the anti-CD3/CD28 condition in the scRNA-
seq analysis. The primary early activation response in MAIT cells
was upregulation of granzyme B alone, which was increased in anti-
CD3/CD28 relative to 5-OP-RU conditions (Fig. 3D). 5-OP-RU and
anti-CD3/CD28 both induced significant coexpression of GZMB
and TNF, although increased coexpression was observed with anti-
CD3/CD28 (Fig. 3D). Only anti-CD3/CD28 induced IFNG and
TNF coexpression (Fig. 3D). These results demonstrate increased
expression of IFNG and TNF with nonspecific TCR stimulation,
consistent with previous reports (3, 12, 43).
We next performed a differential expression analysis between

MAIT cells stimulated with 5-OP-RU and anti-CD3/CD28 at day 1
to define the gene expression programs associated with Ag-specific
or nonspecific TCR stimulation (Fig. 3E, Supplemental Data Set 3).
Although both early TCR stimulation conditions induced similar

condition as (B). Represents three independent experiments. n 5 5�30 donors. (D) Differentially expressed genes in CD81 or CD41 MAIT cells after 7 d of
incubation in the resting condition. Same axes as panel B. (E) Mean % ± SEM of OX40, CTLA4, GZMA, and GZMK staining in MAIT cell subsets mea-
sured by flow cytometry in the same condition as (D). Represents two independent experiments. n 5 5�10 donors. Flow cytometric statistical comparisons
were made by an unpaired t test, and reported p values are adjusted for multiple comparisons using the Holm�Sidak method. *p < 0.05, **p < 0.005,
***p < 0.0005, ****p < 0.0001. DN, double-negative (CD4−CD8−); DP, double-positive (CD41CD81); GZMA, granzyme A; GZMB, granzyme B;
GZMK, granzyme K.
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FIGURE 2. Single-cell transcriptional analysis defines heterogeneous MAIT cell activation states. (A) UMAP plot and Louvain clustering of cells from all
donors, time points and stimuli with ascribed names based on differentially expressed gene sets in each cluster. (B) Heat map showing top 15 differentially
expressed genes per cluster after unsupervised hierarchical clustering. (C) UMAP plots of selected MAIT cell markers demonstrating expression level across
all clusters (blue 5 low expression to yellow 5 high expression). (D and E) Dot plots demonstrating relative frequency of cells per condition in all donors at
day 1 (D) and day 7 (E).
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transcriptional states (Fig. 2D), we did detect stimulus-specific gene
expression patterns, with anti-CD3/CD28 robustly upregulating
GZMB, PRF1, IFNG, IL2RA, BATF3, CTLA4, and LAG3. In contrast,
5-OP-RU induced a strong type 1 IFN signaling signature with upre-
gulation of IFIT1, ISG15, IFI44L, IFIT3, IFITM1, and IFI6. These
findings are consistent with distinct MAIT cell transcriptional pro-
grams driven by early Ag-specific signals versus nonspecific T cell
stimulation.

MAIT cells upregulate FOXP3 during early and prolonged
activation

Given detection of FOXP3 transcripts across clusters and significant
differential expression in C1, we further characterized the transcrip-
tional programs associated with MAIT cell FOXP3 expression using
our single-cell data. We first performed a differential expression
analysis between FOXP31 and FOXP3− MAIT cells in the resting
condition at day 1 (Supplemental Fig. 4A, Supplemental Data Set 4)
that revealed FOXP31 MAIT cells differentially express CD4 in

addition to markers of activation/exhaustion including TIGIT,
ENTPD1, and ICOS, together with IL-2RA, a hallmark of the con-
ventional regulatory T cell (Treg) lineage (44).
We next hypothesized that FOXP3 expression in MAIT cells

was associated with acquisition of a transcriptome that might
resemble conventional Tregs. To evaluate this, we assembled a
list of four conventional Treg gene signatures published by
Miragaia et al. (45). In this paper, the authors constructed gene
signatures of four Treg populations spanning brachial and mesen-
teric lymph nodes, colon, and spleen, and established broad con-
servation of Treg identity between mice and humans. Using these
gene signatures, we performed gene set enrichment analysis using
the differentially expressed genes from Supplemental Fig. 4A and
observed positive enrichment (normalized enrichment score > 0)
in all four cases (Supplemental Fig. 4B, 4C, Supplemental Data
Set 4). These analyses reveal that resting FOXP31 MAIT cells
differentially express CD4 and are transcriptionally similar to
conventional CD41 Tregs.

FIGURE 3. Early MAIT cell activation induces a cytotoxic phenotype marked by GZMB, IFNG, and TNF. (A) UMAP plot highlighting clusters 1�3
enriched in day 1 incubation conditions. (B) UMAP plots of GZMB, IFNG, and TNF expression levels at day 1 (blue 5 low expression to yellow 5 high
expression). (C) Mean % ± SEM of MAIT cell extracellular staining of activation markers detected by flow cytometry after 15 h of incubation in three condi-
tions: resting (blue), 5-OP-RU (red), anti-CD3/CD28 (brown). Results represent four independent experiments. n 5 3�30 donors. (D) Representative flow
cytometry density plots in one donor demonstrating GZMB, TNF, and IFNG costaining (left) alongside cumulative plots (right) of mean % ± SEM for each
costaining condition in multiple donors. Results represent four independent experiments. n 5 30 donors. (E) Differentially expressed genes in the anti-CD3/
CD28 (1 log FC) or 5-OP-RU (− log FC) conditions at day 1. The y-axis shows log FDR-adjusted p value at significance level of FDR-adjusted p < 0.05.
Triangles represent genes for which adjusted p values have been capped only for display on the plot. Flow cytometric statistical comparisons were made by
an unpaired t test, and reported p values are adjusted for multiple comparisons using the Holm�Sidak method. *p < 0.05, **p < 0.005, ***p < 0.0005,
****p < 0.0001. GZMB, granzyme B.
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We then repeated these analyses using FOXP31 MAIT cells in
the 5-OP-RU condition at day 1. In this case, the cells expressed
markers associated with activation and cytotoxicity, for example,
CTLA4 and LTB, but were associated with neither CD4 nor CD8
(Supplemental Fig. 4D, Supplemental Data Set 4). In the anti-CD3/
CD28 condition, FOXP31 MAITs also differentially expressed CD4
as well as effector markers similar to the 5-OP-RU�activated condi-
tion (Supplemental Fig. 4E, Supplemental Data Set 4). In all condi-
tions, the gene signatures of FOXP31 MAITs overlapped with
signatures of conventional Tregs from the four tissues evaluated in
Miragaia et al. (45).

We then applied these analyses to day 7 data. FOXP31 MAIT
cells in the resting condition again demonstrated differential
expression of CD4 (Supplemental Fig. 4F, Supplemental Data Set
4) and also expressed activation/effector markers such as GZMB,
MKI67, HLA-DR, and TNFRSF18. In contrast, 5-OP-RU�acti-
vated FOXP31 MAITs differentially expressed CD8 together with
GZMB, TIGIT, NKG7, and GNLY (Supplemental Fig. 4G,
Supplemental Data Set 4). FOXP31 MAITs in the anti-CD3/CD28
condition were not associated with CD4 or CD8 expression
(Supplemental Fig. 4H, Supplemental Data Set 4). As at day 1,
gene signatures for FOXP31 MAITs at day 7 were shared with the

FIGURE 4. MAIT cells upregulate FOXP3 during early and prolonged activation. (A) Representative flow cytometry contour plots of MAIT cell FOXP3
intracellular staining in resting or 5-OP-RU conditions after 1, 3, or 7 d of stimulation (black indicates resting; red indicates 5-OP-RU). (B) Mean % ± SEM
of intracellular MAIT cell FOXP3 staining after 1 (early) or 7 (prolonged) days of incubation under resting (blue), 5-OP-RU (red), or anti-CD3/CD28
(brown) conditions. Results represent three independent experiments. n 5 10�26 donors. (C) Mean % ± SEM of intracellular FOXP3 staining in CD41 and
CD81 MAIT cells compared with non-MAIT CD41 T cells after 15 h of incubation in the same conditions as (B). The same data are grouped by cell type
(left) or stimulation condition (right). Results represent two independent experiments. n 5 10�26 donors. (D) Mean % ± SEM of intracellular FOXP3 stain-
ing in CD41 and CD81 MAIT cells compared with non-MAIT CD41 T cells after 7 d of incubation in the same conditions as (B). The same data are
grouped by cell type (left) or stimulation condition (right). Results represent two independent experiments. n 5 10 donors. (E) Representative flow cytometry
density plots from one donor demonstrating FOXP31CD251 MAIT cells (top row) or non-MAIT CD41 T cells (bottom row) after 7 d of incubation in the
same conditions as (D). (F) Mean % ± SEM of FOXP31CD251 CD41 or CD81 MAIT cells compared with non-MAIT CD41 T cells after 7 d in the same
conditions as (D). Cytokine coincubation conditions included IL-2 (top) or IL-2/TGF-b (bottom). Results represent two independent experiments. n 5 10
donors. (G) Mean absolute number ± SEM of FOXP31CD251 CD41 or CD81 MAIT cells in the same incubation conditions as (F). Each condition included
200,000 PBMCs. Results are representative of two independent experiments. n 5 5 donors. (H) Mean absolute number ± SEM of FOXP31 MAIT cells
among CD251IL-7R− MAIT cells or CD25− MAIT cells after 7 d in the same incubation conditions as (F). Results are representative of two independent
experiments. n 5 5 donors. Flow cytometric statistical comparisons were made by an unpaired t test, and reported p values are adjusted for multiple compari-
sons using the Holm�Sidak method. *p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. (I) CD81 MAIT cell FOXP3 expression under resting, 5-
OP-RU, or anti-MR1 blockade/5-OP-RU conditions measured for 2 wk after initial stimulation at day 0. n 5 5 donors. All conditions included 100 IU/ml IL-
2 and 1 ng/ml TGF-b. Results are representative of two independent experiments. *p < 0.05 is the result of an unpaired t test between the 5-OP-RU and rest-
ing condition, and **p < 0.005 is the result of an unpaired t test between the 5-OP-RU and anti-MR1/5-OP-RU condition.
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Miragaia et al. (45) signatures for conventional Tregs. These
results demonstrate that FOXP3 expression on CD41 or CD81

MAIT cells differs based on antigenic versus nonspecific TCR
stimuli. Our data also show that FOXP31 MAITs at day 7 demon-
strate a pronounced cytotoxic effector phenotype, similar to one
recent report (23).
To validate the FOXP31 MAIT cell phenotypes revealed by

scRNA-seq, we performed intracellular staining for FOXP3 and
flow cytometric analysis stratified by CD4 or CD8 coexpression
(Fig. 4) compared with conventional Tregs. As FOXP3 is a tran-
scriptional regulator of conventional CD41 Tregs and is often coex-
pressed with CD25 (46, 47), we hypothesized that MAIT cells
could share similar staining characteristics. We found that FOXP3
protein was significantly upregulated with Ag-specific stimulation
(Fig. 4A, 4B). When we stratified MAIT cells by CD4 or CD8
coexpression at day 1, we observed that CD41 MAIT cells express
more FOXP3 at baseline whereas CD81 MAIT cells significantly
upregulated FOXP3 protein after 5-OP-RU stimulation (Fig. 4C).
As FOXP3 may be transiently upregulated after activation, we

also profiled FOXP3 protein expression at day 7 (Fig. 4D�H).
Whereas CD41 MAIT cells had increased FOXP3 expression in the
resting condition, consistent with day 1, 5-OP-RU�activated CD81

MAIT cells robustly upregulated FOXP3 (Fig. 4D). We next com-
pared FOXP3/CD25 coexpression in MAIT cells compared with
Tregs and found that 5-OP-RU�activated MAIT cells strongly upre-
gulated these markers of the conventional Treg lineage (Fig. 4E).
Direct comparison of CD4 and CD8 expression in FOXP31CD251

by the stimulation condition revealed that coreceptor expression was
dependent on the stimulus used (Fig. 4F), in agreement with the sin-
gle-cell analysis (Supplemental Fig. 4). CD41 MAIT cells expressed
increased FOXP3 and CD25 in the resting condition relative to
CD81 MAIT cells but did not significantly upregulate these markers
after prolonged activation (Fig. 4F). In contrast to CD41 MAIT and
conventional Tregs, FOXP3 and CD25 were robustly upregulated in
the CD81 MAIT cell subset after 5-OP-RU activation (Fig. 4F).
The addition of TGF-b did not significantly affect MAIT cell
FOXP3 expression. As previously reported (48), anti-CD3/CD28
stimulation alone resulted in significant Treg expansion (Fig. 4F).
Analysis of absolute numbers of FOXP31CD251 MAIT cells at
day 7 demonstrated that FOXP31CD251 MAIT cells were most
prevalent within the CD81 MAIT cell subset (Fig. 4G) and that the
vast majority of FOXP3-expressing cells were detected among
CD251IL-7R− cells and rarely among CD25− cells (Fig. 4H). We
also found that FOXP3 expression in CD81 MAIT cells of some
donors is sustained in some donors for 2 wk following a single
Ag-specific stimulation, a phenotype that was dependent on MR1
(Fig. 4I). Taken together, these results demonstrate that FOXP3 is
expressed in CD41 and CD81 MAIT cells and is associated with
distinct stimulatory conditions for each subset. In our attempts to
document the functional properties of FOXP31 MAIT cells, we
observed significant interindividual variability in suppression assays
(data not shown), and thus we cannot draw any firm conclusions
whether FOXP3 expression by MAIT cells is accompanied by sup-
pressive capacity.

Prolonged activation of MAIT cells expands homeostatic
subpopulations while also inducing proliferative, cytotoxic,
regulatory, and exhausted phenotypes

We next examined clusters enriched during prolonged activation
(Fig. 5A). These clusters were broadly associated with expression of
MKI67, GZMA, CTLA4, ICOS, LAG3, and PDCD1 (Figs. 2, 5A, 5B).
Despite largely overlapping transcriptional states observed between
prolonged 5-OP-RU and anti-CD3/CD28 conditions (Fig. 2E),
5-OP-RU significantly upregulated genes associated with lymphoid

development (LTB), self-renewal (LST1), maturation (CD52),
motility and proliferation (STMN1, ACTG1), and recruitment of
immune cells (CCL3, CCL4). In contrast, anti-CD3/CD28 upregu-
lated genes were associated with cytotoxicity (GZMB, GZMK),
cell stress (HILPDA), and exhaustion (CTLA4, LAG3). This gran-
zyme/exhaustion signature observed was largely driven by C12
defined by cells from donor 1 (Supplemental Fig. 1I).
The transcriptional differences between stimuli were further eluci-

dated at the protein level, where proliferation marker Ki67 was sig-
nificantly upregulated in the 5-OP-RU but not the anti-CD3/CD28
condition (Fig. 5C). This was consistent with robust Ag-specific
MAIT cell expansion not observed with prolonged anti-CD3/CD28
(Fig. 5D, Supplemental Fig. 1B). In contrast, sorted MAIT cells
alone stimulated with 5-OP-RU do not significantly expand (49),
demonstrating the requirement for accessory cells for proliferation,
similar to observations made in gd T cells (50).
Similar to early activation, we again detected significant

downregulation of IL-7R at the protein level only in the 5-OP-
RU condition, which was associated with significant upregula-
tion of CD25 not observed with prolonged anti-CD3/CD28
stimulation (Fig. 5E). Similar to early activation, GZMB was
the dominant MAIT cell effector protein (Fig. 5F). Activation/
exhaustion markers CTLA4, PD1, FAS, ICOS, and LAG3
expression levels were also enhanced with prolonged 5-OP-RU
stimulation at the protein level (Fig. 5G).

MAIT cell subtypes are present during human TB exposure and
infection

To determine whether MAIT cell subtypes revealed by scRNA-
seq are present during human infection, we assessed functional
markers associated with CD41 or CD81 MAIT cells during
human exposure to Mycobacterium tuberculosis. To this end,
we used flow cytometry to analyze MAIT cell phenotypes in
PBMCs collected from household contacts of active TB patients
in Port-au-Prince, Haiti compared with healthy unexposed
donors from the same community (3).
First, we focused our analysis on a subset of markers that charac-

terized CD41 MAIT cells in our single-cell analyses. We observed
a similar differential expression pattern of CD25, CCR7, and OX40
at the protein level in CD41 MAIT cells relative to other subsets
(Fig. 6A�C). Moreover, each of these markers was significantly
upregulated in contacts, indicating that the CD41 MAIT cell gene
expression pattern observed in our clusters in vitro corresponds to
in vivo MAIT cell subsets in the context of recent M. tuberculosis
exposure. Consistent with our previous work (3), these findings indi-
cate that CD41 MAIT cells respond to early M. tuberculosis
exposure.
We next investigated MAIT cell FOXP3 expression, which was

predominant in the CD81 subset after in vitro prolonged antigenic
stimulation (Fig. 4). We found that recently exposed contacts
expressed increased FOXP3 relative to healthy controls (Fig. 6D).
Consistent with our flow cytometry results at day 7 (Fig. 4G),
FOXP31CD251 MAIT cells were most prevalent in the CD81 sub-
set, and FOXP31CD251CD81 MAIT cells were significantly
enriched in contacts (Fig. 6E). When stratifying by M. tuberculo-
sis�specific IFN-g release assay (IGRA) status, which distinguishes
contacts who were exposed and latently infected (IGRA1) from
those who remained uninfected (IGRA−), we observed that
FOXP31CD251CD81 MAIT cells were enriched in latently
infected contacts (Fig. 6F), demonstrating that this MAIT cell sub-
type is responding to M. tuberculosis infection. This MAIT cell sub-
population detected in TB contacts closely resembles the
CD81FOXP31CD251 MAIT cells detected at the transcript and
protein level at day 7 following Ag-specific stimulation (Fig. 4,

10 SINGLE-CELL RNA SEQUENCING OF MAIT CELLS

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100522/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100522/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.2100522/-/DCSupplemental


Supplemental Fig. 4) and indicates that these cell states defined by
single-cell transcriptomics are also present during early human M.
tuberculosis exposure and infection.

Discussion
MAIT cells have been well characterized as innate-like, rapid res-
ponders to microbial Ags with the capacity to mount cytotoxic
responses and secrete Th1 helper/Th17-associated cytokines within
hours of Ag recognition (3, 9, 39). However, less is known about
the transcriptional programs that define MAIT cell adaptation during
early and prolonged activation states. In this study, we provide a sin-
gle-cell transcriptional atlas of >76,000 human MAIT cells in
homeostatic and early/prolonged activation states coupled with flow
cytometric and functional characterization. Our analysis demon-
strates distinct transcriptional programs defined by incubation period
and quality of stimulus, revealing novel MAIT cell subpopulations
not yet described by bulk RNA-seq or traditional flow cytometric
approaches.

First, our work contributes further evidence to support divergent
transcriptional and functional phenotypes associated with human
MAIT cell CD4 or CD8 coexpression. Several prior studies have
used CD8 as a prerequisite for defining MAIT cells or did not dis-
tinguish between subsets (21, 22, 51). Differential expression analy-
sis revealed that CD41 MAIT cells upregulated IL7R, CD25,
CCR7, and SELL along with TNF superfamily receptors TNFRSF4
and TNFRSF18, suggesting that CD41 MAIT cells respond to dis-
tinct costimulatory signals from the CD81 subset. We hypothesize
that this CD41 MAIT cell signature may represent unique tissue-
homing functions through CCR7 and SELL. Future studies will help
to evaluate whether this CD41 MAIT cell signature confers the
capacity to exit the circulation and migrate into tissues.
Recent work in mice and humans shows that CD4 and the tran-

scription factor LEF1 are coexpressed during MAIT cell intrathymic
development with reciprocal downregulation of CD319 (SLAMF7)
(21). CD4 is subsequently downregulated as MAIT cells mature
with reciprocal upregulation of CD8 and CD319 during thymic
egress. In a parallel observation in human peripheral blood MAIT

FIGURE 5. Prolonged activation of MAIT cells expands homeostatic subpopulations while also inducing proliferative, cytotoxic, immune regulatory, and
exhaustion phenotypes. (A) UMAP highlighting clusters 4�12 defined by day 7 incubation conditions. (B) UMAP plots of GZMA, CTLA4, and ICOS
expression levels at day 7 (blue 5 low expression to yellow 5 high expression). (C) Representative flow cytometry contour plots (left) of intracellular Ki67
staining after 15 h (day 1; early) or 7 d (day 7; prolonged) of incubation at rest (black) or with 5OPRU (red) accompanied by cumulative data of mean % ± SEM
of MAIT cell Ki67 staining after 7 d of incubation under resting (blue), 5OPRU (red), or anti-CD3/CD28 (brown) conditions (right). Results represent one indepen-
dent experiment. n 5 3 donors. (D) Mean % ± SEM of MAIT cells among total T cells after 7 d of incubation in the same conditions as (C). Results represent two
independent experiments. n5 10 donors. (E) Mean % ± SEM of MAIT cell surface activation markers after 7 d of incubation in the same conditions as (C). Results
represent two independent experiments. n 5 3�8 donors. (F) GZMB, IFNG, and TNF intracellular costaining demonstrating mean % ± SEM of each subset
after 7 d of incubation under the same conditions as (C). Results represent two independent experiments. n 5 8 donors. (G) Mean % ± SEM of activation/
exhaustion marker staining after 7 d of incubation under the same conditions as (C). Results represent one independent experiment. n 5 5 donors. Flow cyto-
metric statistical comparisons were made by an unpaired t test, and reported p values are adjusted for multiple comparisons using the Holm�Sidak method.
*p < 0.05, **p < 0.005, ***p < 0.0005, ****p < 0.0001. GZMB, granzyme B.
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cells, we observed that CD41 MAIT cells significantly upregulated
LEF1, whereas SLAMF7 was significantly differentially expressed
in CD81 MAIT cells. Our findings motivate additional study of
how MAIT cell activation conditions can select for CD4 or CD8
coexpression in peripheral circulating populations, and, further, how
these subsets differentially respond to major pathogens. Indeed, our
TB contact data demonstrate that CD25, CCR7, and OX40 are sig-
nificantly upregulated in CD41 MAIT cells and FOXP3 in CD81

MAIT cells of TB contacts, suggesting that these subsets respond to
early M. tuberculosis exposure.
The second aim of our study was to distinguish between tran-

scriptional phenotypes induced during early and prolonged activa-
tion and to characterize functional programs associated with MR1
ligand versus nonspecific T cell stimulation. We observed that early
activated MAIT cells with either stimulus were driven toward simi-
lar states defined by a rapid upregulation of GZMB, IFN-g, and
TNF-a. At both the transcript and protein levels, this signature was

more potently induced by anti-CD3/CD28, which is possibly
explained by nonspecific stimulation of all T cells within PBMCs
triggering cytokine release by MAIT and non-MAIT T cells alike
(52). Moreover, anti-CD3/CD28 may mimic other nonspecific T cell
stimuli derived from whole bacteria or cytokines, which have previ-
ously been shown to significantly upregulate GZMB and IFN-g in
MAIT cells relative to 5-OP-RU alone (12, 43). We acknowledge
that our study design could not identify the additional inflammatory
signals induced by anti-CD3/CD28 stimulation compared with MR1
ligand (22) nor quantify MR1 expression by specific immune sub-
sets within the PBMC aliquot. Future studies will identify which
accessory cell types (53) and costimulatory conditions (38, 54) drive
activation of specific MAIT cell subpopulations in healthy and dis-
ease states. In contrast to nonspecific TCR stimulation, early activa-
tion with 5-OP-RU induced a strong type 1 IFN�driven gene
expression phenotype along with T cell maturation marker CD52.
Costimulation of MAIT cells with 5-OP-RU and type 1 IFNs have

FIGURE 6. MAIT cell subsets differentially respond to M. tuberculosis. (A�C) Mean % ± SEM of CD25 (A), CCR7 (B), and OX40 (C) staining of CD41,
CD81, or DN MAIT cell subsets in healthy household contacts of TB patients (red triangles) compared with healthy unexposed community controls (blue
circles). The same legend also applies to (D) and (E). Results represent more than three independent experiments. n 5 18�41 donors. (D) Mean % ± SEM of
FOXP31 (left) or FOXP31CD251 (right) MAIT cells. Results represent more than three independent experiments. n 5 36�42 donors. (E) Mean % ± SEM
of FOXP31CD251 CD41 (left) or CD81 MAIT cells (right) in the same donors as (D). (F) Mean % ± SEM of FOXP31CD251 CD41 or C81 MAIT cells
stratified by IGRA status in the same donors as (D). Flow cytometric statistical comparisons were made by Mann�Whitney U test in (A)�(C) or unpaired t
test panels (D)�(F), and reported p values are adjusted for multiple comparisons using the Holm�Sidak method. *p < 0.05, **p < 0.005, ***p < 0.0005,
****p < 0.0001. IGRA, M. tuberculosis�specific IFN-g release assay.
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previously been shown to enhance GZMB and IFN-g release (54).
Our results demonstrate that early Ag stimulation alone also enhan-
ces MAIT cell type 1 IFN signaling as detected at the transcript
level in our scRNA-seq dataset, which may promote survival and
proliferation observed during prolonged stimulation (55) as well as
modulate immunity against bacterial or viral pathogens (56).
Although previous studies have used prolonged 5-OP-RU costi-

mulation to expand MAIT cells for downstream use during in vitro
functional assays (49, 57), to our knowledge, this is the first investi-
gation of the transcriptional landscape of prolonged Ag-specific acti-
vation during this proliferative phase. Although we observed largely
overlapping transcriptional signatures between 5-OP-RU and anti-
CD3/CD28 activation conditions, 5-OP-RU significantly upregulated
genes associated with T cell development, self-renewal, proliferation,
and recruitment of inflammatory cells. In contrast, prolonged anti-
CD3/CD28 activation upregulated genes associated with cytotoxic-
ity, stress, and exhaustion. Taken together, these results demon-
strate that Ag-specific stimulation is required for MAIT cell
survival, expansion, and sustained effector function during the pro-
longed phase of stimulation.
Moreover, we describe a FOXP31 peripheral blood MAIT cell

subset enriched in early activation C1 with abundant FOXP3
detected at the protein level during prolonged 5-OP-RU stimulation.
We observed that CD41 MAIT cells expressed increased FOXP3 in
the resting state relative to the CD81 subset, similar to a recent
study that detected tumor-associated FOXP31CD41 MAIT cells
(23). We also demonstrate that peripheral FOXP31 induction was
detected almost exclusively in the CD81CD251IL-7R− subset after
Ag-specific induction. This surface coexpression of FOXP3 and
CD25 in MAIT cells parallels that of CD41 Tregs and raises the
question of whether FOXP3 expression in MAIT cells may confer a
similar immune regulatory function (32). We observed considerable
interindividual variability in our MAIT cell suppression assays and
thus cannot draw firm conclusions regarding MAIT cell regulatory
function at this time. Further study is required to investigate the sup-
pressive capacity of FOXP31 MAIT cells. Importantly, we extend
our findings of MAIT cell FOXP3 induction in vitro to immune
responses of donors recently exposed to M. tuberculosis. We found
that CD81FOXP31CD251 MAIT cells expanded after early M.
tuberculosis exposure in healthy household TB contacts and were
significantly more abundant in recently infected donors (IGRA1

contacts). Our results suggest that CD81FOXP31CD251 MAIT
cells expand during early M. tuberculosis infection.
Our study also highlights that MAIT cell activation rapidly drives

expression of phenotypic exhaustion markers. This was evident in
both Ag and nonspecific stimulation conditions at the transcriptional
and protein levels. These findings mirror evidence from chronic dis-
ease states such as TB, viral hepatitis, and malignancy where
increased MAIT cell PD1 expression is associated with peripheral
MAIT cell depletion and dysfunction and directly correlates with
severity of disease in some studies (11, 58�64). Although immune
checkpoint molecules can be transiently upregulated after T cell acti-
vation, we observed sustained expression in prolonged activation
clusters. At the protein level, these exhaustion markers were signifi-
cantly upregulated in the 5-OP-RU condition, suggesting that pro-
longed Ag-specific activation strongly induces negative feedback
mechanisms to suppress further activation and proliferation. Taken
together, these data imply that checkpoint blockade may enhance
MAIT cell activity against infectious or malignant disease (57, 65, 66)
or contribute to autoimmune complications of immunotherapy (67).
Given the recently described importance of MAIT cells in SARS-

CoV-2 pathogenesis (24, 25, 68), we also show that MAIT cell tran-
scriptional markers in severe COVID-19 disease are expressed in
distinct MAIT cell clusters defined in the present study

(Supplemental Fig. 2F). The MAIT cell subtypes identified in this
study may provide additional refinement into the pathologic role of
MAIT cell subpopulations in COVID-19 disease severity.
We acknowledge certain limitations to our study. The foremost of

these is the small number of individuals in our single-cell cohort
and donor-to-donor variability, some of which is inherent in human
studies from genetically diverse subjects. However, the functional
flow cytometric validation in multiple donors, including a geneti-
cally distinct population from Haiti, strengthens our confidence that
the MAIT cell states observed can be applied to other populations.
Future studies will test the reproducibility of this transcriptional atlas
in additional healthy donors or in specific disease states.
In sum, we present an integrated transcriptional and immune

landscape of human MAIT cell activation at single-cell resolution.
Our results provide a detailed analysis of novel MAIT cell clusters
defined by early and prolonged stimulation, including distinct CD41

and CD81 MAIT cell signatures. We also show that these pheno-
types are recapitulated in the setting of early M. tuberculosis expo-
sure and infection. This functional map of MAIT cell activation
biology will help inform future investigations into how MAIT cells
specialize in healthy and disease states.
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IBD Investigators. 2019. TCR and inflammatory signals tune human MAIT cells to
exert specific tissue repair and effector functions. Cell Rep. 28: 3077�3091.e5.

14. van Wilgenburg, B., I. Scherwitzl, E. C. Hutchinson, T. Leng, A. Kurioka, C.
Kulicke, C. de Lara, S. Cole, S. Vasanawathana, W. Limpitikul, et al. 2016.
MAIT cells are activated during human viral infections. Nat. Commun. 7: 11653.

15. Gherardin, N. A., M. N. Souter, H. F. Koay, K. M. Mangas, T. Seemann, T. P.
Stinear, S. B. Eckle, S. P. Berzins, Y. d’Udekem, I. E. Konstantinov, et al. 2018.
Human blood MAIT cell subsets defined using MR1 tetramers. Immunol. Cell Biol.
96: 507�525.

16. Kurioka, A., A. S. Jahun, R. F. Hannaway, L. J. Walker, J. R. Fergusson, E.
Sverremark-Ekström, A. J. Corbett, J. E. Ussher, C. B. Willberg, and P. Klenerman.
2017. Shared and distinct phenotypes and functions of human CD16111 Va7.21
T cell subsets. Front. Immunol. 8: 1031.

17. Dias, J., C. Boulouis, J. B. Gorin, R. H. G. A. van den Biggelaar, K. G. Lal, A.
Gibbs, L. Loh, M. Y. Gulam, W. R. Sia, S. Bari, et al. 2018. The CD4−CD8−

MAIT cell subpopulation is a functionally distinct subset developmentally related to
the main CD81 MAIT cell pool. Proc. Natl. Acad. Sci. USA 115: E11513�E11522.

18. Kelly, J., Y. Minoda, T. Meredith, G. Cameron, M. S. Philipp, D. G. Pellicci,
A. J. Corbett, C. Kurts, D. H. Gray, D. I. Godfrey, et al. 2019. Chronically stimu-
lated human MAIT cells are unexpectedly potent IL-13 producers. Immunol. Cell
Biol. 97: 689�699.

19. Gutierrez-Arcelus, M., N. Teslovich, A. R. Mola, R. B. Polidoro, A. Nathan, H.
Kim, S. Hannes, K. Slowikowski, G. F. M. Watts, I. Korsunsky, et al. 2019. Lym-
phocyte innateness defined by transcriptional states reflects a balance between
proliferation and effector functions. Nat. Commun. 10: 687.

20. Lee, M., E. Lee, S. K. Han, Y. H. Choi, D. I. Kwon, H. Choi, K. Lee, E. S. Park,
M. S. Rha, D. J. Joo, et al. 2020. Single-cell RNA sequencing identifies shared
differentiation paths of mouse thymic innate T cells. Nat. Commun. 11: 4367.

21. Koay, H. F., S. Su, D. Amann-Zalcenstein, S. R. Daley, I. Comerford, L. Miosge,
C. E. Whyte, I. E. Konstantinov, Y. d’Udekem, T. Baldwin, et al. 2019. A diver-
gent transcriptional landscape underpins the development and functional branch-
ing of MAIT cells. Sci. Immunol. 4: eaay6039.

22. Slichter, C. K., A. McDavid, H. W. Miller, G. Finak, B. J. Seymour, J. P. McNe-
vin, G. Diaz, J. L. Czartoski, M. J. McElrath, R. Gottardo, and M. Prlic. 2016.
Distinct activation thresholds of human conventional and innate-like memory T
cells. JCI Insight 1: e86292.

23. Li, S., Y. Simoni, E. Becht, C. Y. Loh, N. Li, D. Lachance, S. L. Koo, T. P. Lim,
E. K. W. Tan, R. Mathew, et al. 2020. Human tumor-infiltrating MAIT cells dis-
play hallmarks of bacterial antigen recognition in colorectal cancer. Cell Rep
Med 1: 100039.

24. Parrot, T., J. B. Gorin, A. Ponzetta, K. T. Maleki, T. Kammann, J. Emgard, A.
Perez-Potti, T. Sekine, O. Rivera-Ballesteros, C.-S. G. Karolinska, et al. 2020.
MAIT cell activation and dynamics associated with COVID-19 disease severity.
Sci. Immunol. 5: eabe1670.

25. Flament, H., M. Rouland, L. Beaudoin, A. Toubal, L. Bertrand, S. Lebourgeois,
C. Rousseau, P. Soulard, Z. Gouda, L. Cagninacci, et al. 2021. Outcome of
SARS-CoV-2 infection is linked to MAIT cell activation and cytotoxicity. Nat.
Immunol. 22: 322�335.

26. Corbett, A. J., S. B. Eckle, R. W. Birkinshaw, L. Liu, O. Patel, J. Mahony, Z.
Chen, R. Reantragoon, B. Meehan, H. Cao, et al. 2014. T-cell activation by tran-
sitory neo-antigens derived from distinct microbial pathways. Nature 509:
361�365.

27. Azizi, E., A. J. Carr, G. Plitas, A. E. Cornish, C. Konopacki, S. Prabhakaran, J.
Nainys, K. Wu, V. Kiseliovas, M. Setty, et al. 2018. Single-cell map of diverse
immune phenotypes in the breast tumor microenvironment. Cell 174:
1293�1308.e36.

28. Haghverdi, L., A. T. L. Lun, M. D. Morgan, and J. C. Marioni. 2018. Batch
effects in single-cell RNA-sequencing data are corrected by matching mutual
nearest neighbors. Nat. Biotechnol. 36: 421�427.

29. Bindea, G., B. Mlecnik, M. Tosolini, A. Kirilovsky, M. Waldner, A. C. Obenauf,
H. Angell, T. Fredriksen, L. Lafontaine, A. Berger, et al.2013. Spatiotemporal
dynamics of intratumoral immune cells reveal the immune landscape in human
cancer. Immunity 39: 782�795.

30. Sharma, P. K., E. B. Wong, R. J. Napier, W. R. Bishai, T. Ndung’u, V. O. Kasprowicz,
D. A. Lewinsohn, D. M. Lewinsohn, and M. C. Gold. 2015. High expression of CD26
accurately identifies human bacteria-reactive MR1-restricted MAIT cells. Immunology
145: 443�453.

31. Lamichhane, R., and J. E. Ussher. 2017. Expression and trafficking of MR1.
Immunology 151: 270�279.

32. Bhattacharyya, A., L. A. Hanafi, A. Sheih, J. L. Golob, S. Srinivasan, M. J.
Boeckh, S. A. Pergam, S. Mahmood, K. K. Baker, T. A. Gooley, et al. 2018.
Graft-derived reconstitution of mucosal-associated invariant T cells after alloge-
neic hematopoietic cell transplantation. Biol. Blood Marrow Transplant. 24:
242�251.

33. Rouxel, O., J. Da Silva, L. Beaudoin, I. Nel, C. Tard, L. Cagninacci, B. Kiaf, M. Osh-
ima, M. Diedisheim, M. Salou, et al. 2017. Cytotoxic and regulatory roles of mucosal-
associated invariant T cells in type 1 diabetes. [Published erratum appears in 2018 Nat.
Immunol. 19: 1035.] Nat. Immunol. 18: 1321�1331.

34. Sagerström, C. G., E. M. Kerr, J. P. Allison, and M. M. Davis. 1993. Activation
and differentiation requirements of primary T cells in vitro. Proc. Natl. Acad. Sci.
USA 90: 8987�8991.

35. Pritykin, Y., J. van der Veeken, A. R. Pine, Y. Zhong, M. Sahin, L. Mazutis, D.
Pe’er, A. Y. Rudensky, and C. S. Leslie. 2021. A unified atlas of CD8 T cell dys-
functional states in cancer and infection. Mol. Cell 81: 2477�2493.e10.

36. Meierovics, A., W. J. Yankelevich, and S. C. Cowley. 2013. MAIT cells are criti-
cal for optimal mucosal immune responses during in vivo pulmonary bacterial
infection. Proc. Natl. Acad. Sci. USA 110: E3119�E3128.

37. Lal, K. G., D. Kim, M. C. Costanzo, M. Creegan, E. Leeansyah, J. Dias, D.
Paquin-Proulx, L. A. Eller, A. Schuetz, Y. Phuang-Ngern, et al. 2020. Dynamic
MAIT cell response with progressively enhanced innateness during acute HIV-1
infection. Nat. Commun. 11: 272.

38. Chen, Z., H. Wang, C. D’Souza, S. Sun, L. Kostenko, S. B. Eckle, B. S. Meehan,
D. C. Jackson, R. A. Strugnell, H. Cao, et al. 2017. Mucosal-associated invari-
ant T-cell activation and accumulation after in vivo infection depends on micro-
bial riboflavin synthesis and co-stimulatory signals. Mucosal Immunol. 10:
58�68.

39. Dusseaux, M., E. Martin, N. Serriari, I. Péguillet, V. Premel, D. Louis, M.
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